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ABSTRACT
Recent well resolved numerical simulations of AGN feedback have shown that its
effects on the host galaxy may be not only negative but also positive. In the late gas
poor phase, AGN feedback blows the gas away and terminates star formation. However,
in the gas-rich phase(s), AGN outflows trigger star formation by over-compressing cold
dense gas and thus provide positive feedback on their hosts. In this paper we study this
AGN-triggered starburst effect. We show that star formation rate in the burst increases
until the star formation feedback counteracts locally the AGN outflow compression.
Globally, this predicts a strong nearly linear statistical correlation between the AGN
and starburst bolometric luminosities in disc galaxies, L∗ ∝ L
5/6
AGN
. The correlation is
statistical only because AGN activity may fluctuate on short time scales (as short as
tens of years), and because AGN may turn off but its effects on the host may continue
to last until the AGN-driven outflow leaves the host, which may be up to 10 times
longer than the duration of the AGN activity. The coefficient in front of this relation
depends on the clumpiness and morphology of the cold gas in the galaxy. A “maximum
starburst” takes place in a azimuthally uniform gas disc, for which we derive an upper
limit of L∗ ∼ 50 times larger than LAGN for typical quasars. For more clumpy and/or
compact cold gas distributions, the starburst luminosity decreases. We also suggest
that similar AGN-triggerred starbursts are possible in hosts of all geometries, including
during galaxy mergers, provided the AGN is activated. Finally, we note that due to
the short duration of the AGN activity phase the accelerating influence of AGN on
starbursts may be much more common than observations of simultaneous AGN and
starbursts would suggest.
Key words: accretion, accretion discs — quasars:general — black hole physics —
galaxies:evolution — stars:formation
1 INTRODUCTION
Supermassive black holes (SMBHs) are known to reside in
the centres of most large galaxies. The masses of these
SMBHs correlate with a range of properties of their host
spheroids, including luminosity (e.g. Magorrian et al. 1998)
and mass (e.g. Marconi & Hunt 2003; Ha¨ring & Rix 2004);
and the gravitational binding energy of the bulge (e.g.
Feoli & Mele 2005; Aller & Richstone 2007). Furthermore,
the correlation between SMBH mass (Mbh) and the veloc-
ity dispersion (σ) of its host spheroid, referred to below as
a “Mbh–σ relation”, has been studied by many authors. A
power-law fit to the data, Mbh ∝ σp, yielded values of p
in the range of p ∼ 4 − 5 (cf. Ferrarese & Merritt 2000;
Gebhardt et al. 2000; Tremaine et al. 2002; Gu¨ltekin et al.
2009).
The most natural explanation for the observed corre-
lations quoted above is that it is an imprint of the self-
regulated growth of the SMBH. Winds, other types of out-
flows and radiation (e.g., Silk & Rees 1998; Fabian 1999;
Ciotti & Ostriker 2001) are expected to drive the gas out
of the host’s potential, limiting the SMBH mass and estab-
lishing the observed SMBH-galaxy correlations (King 2003,
2005).
Recently, fast (v >∼ 1000 km s−1) molecular out-
flows resolved on kpc scales were reported by a num-
ber of authors (e.g., Feruglio et al. 2010; Rupke & Veilleux
2011; Sturm et al. 2011). These were interpreted by
Zubovas & King (2012a) as being driven by the quasar out-
flow in the energy-driven regime where the shocked primary
outflow does not cool rapidly enough (King 2005; King et al.
2011; Faucher-Gigue`re & Quataert 2012). In this scenario
the SMBH inflates a huge hot bubble that sweeps up galac-
tic gas into a shell that is driven out at velocities a few times
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that of the host’s escape velocity, e.g., comparable to what
is observed.
Nayakshin & Zubovas (2012) numerically simulated the
dynamics of the SMBH wind in three dimensions, and
found that when the ambient shocked gas cools rapidly,
the shocked gas is compressed into thin cold dense shells,
filaments and clumps. Driving these high density features
out is more difficult than analytical models predict. Impor-
tantly, quasars have another way of affecting the host in
this regime – by triggering a massive star formation burst
in the cold gas by over-pressurising it. Under these condi-
tions SMBHs actually accelerate star formation in the host,
having a positive rather than a negative effect on their host
galaxies. Note that this does not take away the quasar’s
negative feedback role traditionally appreciated in the liter-
ature: Nayakshin & Zubovas (2012) find that at later, gas-
poor epochs, when the ambient gas does not cool rapidly,
the quasar shock is very effective in driving the gas outward
and thus curtailing further star formation in the host galaxy.
Here we attempt to quantify the properties of the star-
burst fuelled by the pressure of the quasar-driven bubble.
Clearly the result of such a calculation should depend sen-
sitively on the distribution (morphology, clumpiness, total
mass, etc.) of the gas in the host galaxy. To demonstrate our
main points, we make the simplest assumption that the gas
resides in a large galactic disc with properties taken from
the models of Mo et al. (1998). We also assume that the
gas in the disc is smoothly distributed. This unrealistic as-
sumption produces a situation where gas can turn into stars
everywhere in the disc as soon as it is compressed, provided
the cooling time is short. Unless the disc accretes material
from the galactic halo, this situation yields an upper limit
to the star formation rate and starburst luminosity within
the framework of our model. We therefore call such a config-
uration a “maximum starburst”. A situation of significant
accretion rate is highly unlikely, because the halo gas is being
expelled by the AGN outflow and does not cool efficiently. A
more realistic system, with cold gas concentrated in clumps
and/or spiral arms, results in a smaller surface area of the
disc that responds to an AGN outflow by increasing its star
formation rate. We consider more general gas geometries in
the Discussion section.
The paper is structured as follows. In Section 2 we
briefly review the dynamics of large-scale energy-driven
AGN outflows and derive the pressure inside the outflow-
ing shell. Section 3 presents the expected correlation be-
tween starburst and AGN luminosity. We then use a numer-
ical model, which we describe in Section 4, to calculate the
properties of the triggered star formation in a galactic disc
(Section 5). We discuss our results and their implications in
Section 6 and summarise them in Section 7.
2 PRESSURE IN AN AGN OUTFLOW
2.1 Large-scale outflow dynamics
Pressure inside an accretion disc around an SMBH launches
a wind, which is then accelerated by the Eddington-accreting
AGN radiation pressure to a velocity vw ∼ 0.1c (King 2003,
2010). This wind shocks against the surrounding material
and drives an outflow in the AGN host galaxy. The dynam-
ics of the outflow depend on whether the shocked wind can
cool faster than it expands adiabatically. Efficient cooling
can only be achieved via inverse-Compton scattering on the
photons of the AGN radiation field (Ciotti & Ostriker 1997;
King 2003) and happens in the central parts of the galaxy.
Simple estimates give the radius of transition between cool-
ing and non-cooling regimes as
RC ≃ 520 σ200 M1/28 l1/2
(
fg
fc
)1/2
pc (1)
(King 2003; Zubovas & King 2012b); here, σ200 is the ve-
locity dispersion of the host galaxy in units of 200 km/s,
M8 is the SMBH mass in 10
8 M⊙, l is the Eddington lu-
minosity ratio of the AGN, fg is the ratio of gas density
to total density and fc = 0.16 is the cosmological value of
fg. Faucher-Gigue`re & Quataert (2012) calculated the cool-
ing radius in more detail, accounting for cooling of non-
relativistic electrons, the nonzero electron-ion energy equi-
libration timescale and non-isothermal background poten-
tials. They find that the cooling radius is likely to be even
smaller than that given by eq. (1).
On large scales, then, the AGN wind gives up all of
its energy to the outflow. This energy-driven outflow has a
kinetic luminosity
E˙out = E˙w ≃ 0.05LEdd (2)
and drives a forward shock into the ambient medium with a
velocity
vout =
4
3
ve ≃ 1230σ2/3200 l1/3
(
fg
fc
)1/3
km s−1 (3)
(Zubovas & King 2012a), which clears the spheroidal com-
ponent of the galaxy on a timescale much faster than dy-
namical; ve is the outward velocity of the contact disconti-
nuity between the shocked wind and the outflow. The mass
outflow rate is
M˙out ≃ 3700σ8/3200 M⊙ yr−1, (4)
easily able to remove a large fraction of a galaxy’s gas on
short timescales. The momentum flow rate of an energy-
driven outflow is also larger than in the wind, by a factor√
fL ≃ 21σ−2/3200 , (5)
where fL ≡ M˙out/M˙w is the mass loading factor of the out-
flow. The extra momentum is created by the acceleration
caused by the over-pressurised bubble of shocked wind inte-
rior to the ambient medium.
2.2 Outflow pressure on dense material
The outflow structure is composed of four regions. Moving
radially outward from the centre, these are: free-streaming
wind, shocked wind, shocked ambient medium and undis-
turbed ambient medium. The pressure in the first and last
regions is not important for our investigation; the free-
streaming wind pushes any material it encounters with at
most the ram pressure, which is much lower than the thermal
pressure inside the shocked wind bubble, while the undis-
turbed ambient medium is not yet affected by AGN feed-
back. The pressure in the two intermediate regions varies
between values that can be calculated analytically for each
of the three boundaries: the wind shock, the contact discon-
tinuity and the outer shock.
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Figure 1. Pressure at the contact discontinuity of the outflow
as function of time (top panel) and radius (bottom panel) for
an NFW background potential with σpeak = 200 km/s, concen-
tration c = 10 and scale radius rs = 23 kpc, for gas fractions
of 3 × 10−3, 10−2, 3 × 10−2 and 0.16 for the black solid, blue
dashed, green dot-dashed and red dot-triple-dashed lines, respec-
tively. For comparison, typical self-sustained star formation in
discs provides pressure of P∗ ∼ 10−11 − 10−8 dyn cm−2. Thick
dashed lines show power laws with slope −2 for easy comparison.
The shock front of the wind (the inner shock) is moving
backwards with respect to the contact discontinuity with a
velocity uw. Using the adiabatic shock conditions, we have,
in the frame of the shock,
vw + uw = 4(ve + uw). (6)
From this, we find
uw =
1
3
vw − 4
3
ve ≃ 1
3
vw, (7)
where we used the fact that vw ≫ ve in most reasonable
cases. The shock front thus quickly reaches RC from the
outside. It cannot move closer in, because in that region the
shock wind cools and loses its energy very quickly. We thus
have a standing shock at R = RC. The pressure at that
radius is then
PC =
3
4
ρw
(
4
3
vw
)2
=
M˙outvw
3πR2C
≃ 6× 10−8σ−1200 dyn cm−2.
(8)
We have used equation (1) to find the numerical value. This
pressure does not vary with time, unless the cooling radius
itself varies.
The pressure at the contact discontinuity can be derived
from the energy-driven equation of motion (cf. King 2005):
PCD =
1
4πR2
[
d
dt
[M (R) ve] +
GM2 (R)
fgR2
]
=
fgσ
2
(
v2e + σ
2
)
πGR2
.
(9)
This pressure depends on the radius of the contact disconti-
nuity as R−2, provided that ve is constant with radius. This
is the case for an isothermal potential but is not strictly true
in NFW and other more complicated halos. Numerically, in
the case of an isothermal potential,
PCD ≃ 4× 10−7σ10/3200 l2/3R−2kpc dyn cm−2. (10)
Finally, at the outer shock, the pressure is
Po.s. =
4
3
ρambv
2
e =
3fgσ
2
8πGR2
v2e ≃
3
8
PCD. (11)
This pressure varies similarly to the pressure at the contact
discontinuity.
We show the time variation of pressure at the contact
discontinuity (equation 9) in Figure 1. The precise values of
pressure depend on the assumed background potential; here
we consider an NFW profile with σpeak = 200 km/s, concen-
tration c = 10, scale radius rs = 23 kpc and gas fractions of
3 × 10−3, 10−2, 3 × 10−2 and 0.16 for the black solid, blue
dashed, green dot-dashed and red dot-triple-dashed lines, re-
spectively. The top panel shows pressure dependence on the
time since the start of an AGN activity episode, while the
bottom panel shows the pressure as function of the radius of
the contact discontinuity. For ease of comparison, we draw
lines of P ∝ t−2 and P ∝ R−2 (thick dashed lines in the
two plots). The pressure evolution is similar to, but slightly
differs from, this simple estimate, due to the fact that ve is
not constant in an NFW profile.
Any structure in a galaxy that is too dense to be blown
away by the outflow is compressed by this external pressure
once the outer shock moves past it. For a galaxy disc, this
compression acts perpendicular to the disc plane from both
sides, while in more spherical structures (such as molecular
clouds) the pressure acts from all directions. At any given
radius r, the evolution of the external pressure profile can
be characterised by three phases. Initially, before the out-
flow reaches r, the external pressure is small. Once the outer
shock passes r, the pressure suddenly increases to the value
given by equation (11) and soon after to the value in equa-
tion (9). Then, as the outflow bubble expands, the pressure
decreases approximately as
Pext (t) ∝ R−2 ∝ t−2, (12)
as seen in Figure 1, where t is measured from the start of
the AGN activity episode. This phase continues until either
the AGN switches off or until the outflow breaks out past
the virial radius of the galaxy and its velocity starts increas-
ing significantly. In the first case, the pressure drops more
rapidly due to a decrease in outflow velocity ve. In the sec-
ond case, as can be seen at the bottom of the plots in 1, the
pressure decrease slows down as ve starts to rise.
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2.3 Star formation in compressed gas
Star formation in a galaxy disc takes place when the
Toomre (1964) Q parameter drops below ≃ 1. However,
feedback from star formation is expected to release signifi-
cant amounts of radiation, mechanical energy and momen-
tum, heating the disc up. This energy release should increase
the Toomre’s parameter, which would then terminate star
formation. Therefore, it is believed that star formation in
a galactic disc self-regulates to maintain the Q-parameter
close to unity (Thompson et al. 2005). Here we show that in
the presence of a powerful AGN outflow, this self-regulation
is significantly modified, resulting in a much higher star for-
mation rate in the disc.
Qualitatively, we envision the following scenario. A
galaxy disc is composed of cold gas clouds embedded in
warm and hot phases of the ISM. The AGN outflow can-
not push the disc away radially (Nayakshin et al. 2012),
but moves around it through the halo. The isotropic pres-
sure in the shocked halo ISM compresses the hot gas in the
disc. This overpressurized gas exerts approximately isotropic
pressure upon the cold clouds and drives shockwaves into
them, leading to an increase in density in the post-shock
region (Jog & Solomon 1992). Gas that was already self-
gravitating and on the verge of collapsing continues to do
so more rapidly, while some gas that was unbound becomes
self-gravitating due to this density increase. Therefore, ex-
ternal pressure can in principle both enhance and trigger
gravitational collapse in cold gas clouds.
Next, we move on to quantitative estimates. Combining
equations (4) and (6) in Thompson et al. (2005), we derive
the midplane pressure of the self-regulated Q ≈ 1 disc:
Pdisc = ρdiscc
2
s =
1
2
√
2
f2dσ
4Q
πGR2
, (13)
where fd is the ratio of disc gas mass to total dynamical
mass and cs is the sound speed in the disc. Comparing this
with the outflow pressure at the outer shock (eq. 11), we
obtain the ratio
Po.s.
Pdisc
=
3
2
√
2Q
fg
f2d
v2e
σ2
∼ 100
(
fg
fc
)5/3
σ
−2/3
200 , (14)
where we assume f2d ≃ fg = fc. We see, therefore, that the
AGN outflow pressure is one or two orders of magnitude
higher than the internal pressure of the disc, independently
of radius, and thus the disc is significantly compressed.
The response of the galactic disc to this compression
can be estimated as follows. External pressure on the disc
compresses the disc and star-forming clouds within it. The
disc gas cools rapidly (Thompson et al. 2005, Appendix B)
and contracts, increasing gas density and the star forma-
tion rate. The disc SFR thus increases until the turbulent
pressure created by stellar feedback counteracts not only
the disc self-gravity, but the external pressure as well. As
a result, the SFR increases above the values calculated in
Thompson et al. (2005) until it saturates at
Σ˙∗ ≃ Po.s.
ǫc
≃ 2.4× 103 ǫ−3σ10/3200 l2/3R−2kpc M⊙ kpc−2 yr−1,
(15)
where ǫ ∼ 10−3ǫ−3 is the efficiency of mass-to-radiation
conversion by massive stars (Leitherer et al. 1992). This ap-
proach assumes a quasi-steady state in which massive stars
end their life cycle in supernova explosions at the same rate
as new massive stars are born.
Clearly, the steady-state situation assumed by equation
15 sets in only after 2−4 Myr, the lifetime of the most mas-
sive stars. One may therefore think that at earlier times the
star formation rate density could actually significantly ex-
ceed this limit since supernova explosions from massive stars
have not yet occured. However, winds from massive stars
provide radiation pressure support against collapse as well.
McLaughlin et al. (2006) showed that young stellar clusters
produce feedback with a thrust p˙∗ ≃ 0.05LEdd/c, where
LEdd is the Eddington luminosity for the cluster mass. Us-
ing the definition of Eddington luminosity and the fact that
P∗ = p˙∗/A, where A is the area, we find that
Σ∗,max ≃ 10κPo.s.
πG
≃ 1.4 × 1010 σ10/3200 l2/3R−2kpc M⊙ kpc−2;
(16)
an extra factor of two comes from the fact that external pres-
sure acts on both sides of the disc. This equation shows that
the initial burst of rapid star formation terminates when the
surface mass density of the young stellar population builds
up above ∼ 1.5×1010 M⊙ kpc−2. As massive stars die, their
stellar wind feedback decreases, and thus new stars must be
born to maintain the pressure balance. This brings us back
to the steady-state limit given by equation 15.
To show that the initial pre-supernova star burst does
not exceed the steady-state star formation rate significantly,
we assume an average massive star lifetime of 10 Myr, and
write an approximate maximum star formation rate density
Σ˙∗,max ≃ Σ∗,max
10Myr
≃ 1.4×103 σ10/3200 l2/3R−2kpc M⊙ kpc−2 yr−1,
(17)
a value very similar to that obtained in equation (15).
Even averaged over the whole galaxy disc, this
SFR density is comparable to that in strong starbursts
(Chapman et al. 2004) and much higher than in qui-
escent galaxies, such as the Milky Way (Σ∗,MW ≪
1 M⊙ kpc
−2 yr−1, Robitaille & Whitney 2010).
3 RELATION BETWEEN AGN AND
STARBURST LUMINOSITY
This burst of star formation, proceeding at a rate given by
eq. (15), creates a young stellar population, producing a ra-
diation flux
F∗ = ǫ∗Σ˙∗c
2 ≃ ǫ∗
ǫ
Po.s.c ≃ 3.4×1013 σ10/3200 l2/3R−2kpc L⊙ kpc−2;
(18)
here, ǫ∗ is the (time dependent) efficiency of mass-to-
radiation conversion by the whole stellar population. On
timescales longer than ∼ 10 Myr, ǫ∗ = ǫ = 10−3, since
we can approximate the radiation flux to be just that of the
young stars, provided that the starburst is still progressing.
On shorter timescales, the precise equality does not hold,
because we must account for the death of massive stars as
well. Therefore a statistical correlation between AGN activ-
ity and starburst luminosity is established in ∼ 107 yr.
We now express the star formation flux in terms of the
AGN luminosity. In an isothermal background potential for
an SMBH with M = Mσ = fcκσ
4/πG2 (King 2010) radiat-
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ing at l times the Eddington limit, we find
σ =
(
GL
4fccl
)1/4
. (19)
We substitute this expression into eq. (18) to find
F∗ ≃ 8× 1012L5/646 l−1/6R−2kpc L⊙ kpc−2, (20)
where L46 ≡ L/1046 erg/s and we dropped the factor
ǫ∗/ǫ ≃ 1. The relation between Mσ and σ is similar for
other density profiles, such as NFW, although there σ refers
to the maximum value of the formal velocity dispersion
σ2peak = GM (< rpeak) / (2rpeak).
In a realistic galaxy, this flux is a local quantity which
applies only to star forming regions. In areas where the cold
gas density is initially very low, the AGN outflow may not
be able to trigger star formation at all. Observationally, this
means that if the star forming regions in the galaxy are not
resolved, the observed star formation flux is lower than given
in eq. (20). Therefore, we introduce a factor
ξcold ≡ Σcold
Σgas
< 1, (21)
to account, in a crude fashion, for the clumpiness of the cold
gas distribution. In the “maximum starburst” model that we
consider for simplicity, ξcold = 1.
The total luminosity of the starburst is found by inte-
grating the flux and allowing for cold gas clumpiness:
L∗ ≃ 2πξcold
fgσ
2
(
v2e + σ
2
)
c
πG
ln
Rout
RC
≃ 5× 1013L5/646 l−1/6ξcoldln
Rout
0.5σ200
(
lfg
fc
M8
)1/2
kpc
L⊙.
(22)
If we take the outer radius of the starburst to be ∼ 5 kpc
(this radius is of the same order as scale radii of typical
galaxy discs), the luminosity becomes
L∗ ≃ 1.2× 1014L5/646 l−1/6 L⊙ = 4.5× 1047L5/646 l−1/6 ergs−1
(23)
for typical parameters in the “maximum starburst” model.
In this model, the starburst luminosity can surpass that of
the AGN by an order of magnitude or more. The galaxy
undergoing such a starburst would appear as a ULIRG.
In a more realistic setting the starburst luminosity may
be reduced due to clumpiness of the cold gas distribution. If
ξcold does not vary by huge factors between different galax-
ies, we expect the AGN and starburst luminosities to be
comparable:
L∗
LAGN
≈ 4.5L1/646
ξcold
0.1
L
−1/6
46 l
−1/6. (24)
We compare this result with observations in Section 6.2.3.
The integrated star formation rate in the galaxy,
M˙∗ ≃ ξcold L∗
ǫc2
≃ 103 ξcold
0.1
L
5/6
46 l
−1/6 M⊙ yr
−1, (25)
is as large as in the most vigorous starbursts known
(Chapman et al. 2004).
We now investigate the galactic disc response in more
detail, using a numerical model. Structures with different
geometry would respond in slightly different ways, but we
do not consider these complications, concentrating on the
properties of the AGN event and how it is reflected in the
star formation within the disc.
4 NUMERICAL MODEL
The numerical model we use is based on a semi-analytical
integrator routine that follows the dynamics of a spherically
symmetric outflow. We combine this calculation with a 1D
grid where we calculate the response of the disc to the ex-
ternal pressure, including the star formation rate and the
luminosity produced by the starburst and the young stars.
The outflow propagation is calculated using the ana-
lytical expressions from King (2005) and Zubovas & King
(2012b), which are then integrated numerically for an arbi-
trary choice of an (analytical) background potential, black
hole mass and luminosity and mean gas fraction in the bulge
and halo of the galaxy. We have previously used this inte-
grator in King et al. (2011) and Zubovas & King (2012b)
and have now updated the time-stepping in order to bet-
ter track outflow propagation at early times. The numerical
results agree perfectly with the analytical solutions (where
these are possible King et al. 2011).
At each timestep, the pressure of the outflow is calcu-
lated using the analytical expressions from Section 2.2 on
a logarithmically spaced grid with 200 bins spanning a ra-
dial range from 0.4 to 40 kpc. We assume that the pres-
sure between the contact discontinuity and the outer shock
varies linearly. The pressure just outside the cooling radius,
however, drops exponentially toward the value of PCD (eq.
9), with a scale radius rs,c = RC × vout/vw. This value is
plausible to within an order of magnitude based on pressure
balance, and the precise numbers are not important to the
end result. If the outflow reaches a maximum radius and
begins to collapse, we do not allow pressure to increase, as
this is not physical (a real outflow would fragment and dis-
sipate rather than collapse spherically). Rather, we let all
pressures drop linearly with time after the maximum radius
is reached, to mimic this dissipation and radiative cooling
of the outflowing material.
The star formation rate density is calculated separately
in each bin using equation (15). Then we calculate the star
formation rate
M˙∗ = 2πrbin∆rbin × Σ˙∗, (26)
where rbin is the radius of the given bin and ∆rbin ≪ rbin
is its width. We then update the total mass formed in that
bin since the start of the simulation and compare this mass
with the total gas mass expected to be available in the pris-
tine disc at that radius; for the latter, we use the analytical
expression for disc gas distribution from Mo et al. (1998). If
M∗ > Mgas, we set Σ˙∗ = M˙∗ = 0 and M∗ = Mgas in that
annulus.
Once we know the correct star formation rate, the mass
of newly formed stars and the stellar surface density, we cal-
culate their emitted flux F∗ and luminosity L∗. To do this,
we split the stellar population into two sub-populations: low-
mass stars and massive stars. For a Salpeter IMF, the frac-
tion of mass contained in stars with m∗ > 8 M⊙ is ≃ 10%.
The low-mass stars are assumed to radiate with a constant
luminosity, and we assign their sub-population a mass-to-
light ratio Γ = 1. Most massive stars radiate at a good
fraction of their Eddington luminosity; we take that frac-
tion to be 50%, which corresponds to a mass-to-light ratio
Γ ∼ 1.7 × 104, but their mass decreases exponentially on
a timescale of 10 Myr, simulating their short lifetimes. The
c© 0000 RAS, MNRAS 000, 000–000
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flux of both populations is therefore proportional to their
surface densities; the low-mass star surface density can only
grow as new stars are formed, but the massive stars can both
be created and die.
With this setup, we explore a small part of the vast pa-
rameter space by considering five cases of varying outflow
and disc properties. In all the cases, we use the same back-
ground NFW potential, described in Section 2. In the ‘Base’
run, we set the initial SMBH mass equal to the theoretical
Mσ value and allow it to grow and radiate at the Eddington
limit for an unlimited time. In the ‘Low-tq’ run, we turn the
AGN off (i.e. set the luminosity and the mass growth of the
SMBH to zero) after 5 Myr to see what an effect a short
burst has. In the ‘Low-SFR’ run, we reduce Σ˙∗ by a factor
ξcold = 0.1 to allow for gas clumpiness (see Section 3) and
other processes that can reduce the SFR. In the ‘Low-M0’
run, the initial SMBH mass is set to 0.1 ×Mσ to find out
what happens if a black hole slightly under the formal mass
limit drives a large-scale outflow. Finally, the ‘Channel’ case
represents a situation where the outflow is effectively chan-
nelled away from the plane of the galaxy, only affecting the
disc within 4 kpc of the centre. We emphasise that we do
not intend to cover all possible situations and configurations
with these cases, but merely attempt to show the variations
that can be expected within this model.
5 RESULTS
For each run, we present the results (Figures 2 to 6) in three
plots. The first plot (left panel) shows the time dependence
of star formation rate M˙∗ (green dashed line, scale on the
left; the jitter is caused by numerical effects), total mass of
gas converted into stars (black solid line, scale on the right)
and the total luminosity of the starburst (red dot-dashed
line, scale on the right). The two other plots show radial
profiles of various quantities at 3, 10 and 30 Myr (black, red
and green lines, respectively). In the middle panels, the solid
lines show the star formation rate density (scale on the left),
the dashed and dot-dashed lines show the surface density of
low-mass and massive stars, respectively. In the right-hand-
side panels, the quantity πR2F∗ is shown for low-mass and
massive stars (solid and dashed lines, respectively).
5.1 Base run
The physical processes occurring as the outflow washes past
the disc are the same as described analytically. Once the out-
flow moves past the cooling radius, the disc is strongly com-
pressed and begins forming stars; this happens at around
105 yr after the start of the AGN episode. The initial
burst of star formation is very strong, reaching almost
105 M⊙ yr
−1, due to the high pressure just outside the cool-
ing radius. Gas at this annulus is rapidly consumed, how-
ever, and an approximately constant star formation rate of
∼ 8× 103 M⊙ yr−1 persists for ∼ 40 Myr. During this time,
all of the disc gas (Mg ≃ 3×1011 M⊙) is converted into stars.
The stellar luminosity, dominated by the massive stars, in-
creases with the converted mass, reaching a maximum of just
over 1014 L⊙ at ∼ 30 Myr and the drops as the massive stars
die out. After 108 yr, the luminosity settles at 3 × 1011 L⊙
generated by the long-lived low-mass stars.
Although the total gas content is consumed in 40 Myr,
the consumption timescale decreases for smaller radii. Look-
ing at the middle panel of Figure 2, we see that at any given
time, star formation is occurring in a ring, bounded on the
inside by the radius within which all of the gas has already
been consumed by star formation (we call this the depletion
radius rdep) and on the outside by radius which the AGN
outflow has reached. The decreasing star formation density
in the outer part of this ring corresponds to the decreasing
pressure in the shell of shocked ambient material outside the
contact discontinuity.
The density of low-mass stars, as well as their flux, fol-
lows the shape of the original gas surface density in the disc
within rdep and decreases to zero through the width of the
star-forming ring. This, of course, does not mean that there
could not have been stars in the disc before the outflow.
Rather, the dashed lines represent the surface density of
young low-mass stars. The density of massive stars, on the
other hand, decreases with time as the stars die out. The
radial profile of this density shows that, especially at later
times, a well-pronounced ring of young massive stars devel-
ops around rdep, with few stars remaining well inside it and
few stars having been born well outside.
5.2 Short AGN activity
When the AGN switches off after 5 Myr of activity (Figure
3), its outflow begins to stall, eventually reaches some max-
imum radius and subsequently collapses back on the galaxy.
The pressure inside the outflow, as well as the star forma-
tion rate, start decreasing immediately and fall by an order
of magnitude in ∼ 40 Myr. The peak luminosity is reached
earlier, at ∼ 10 Myr, and is a factor ∼ 2 lower than in the
‘Base’ run. Also, some disc gas is never converted into stars -
the total converted mass is only 1011 M⊙ ≃Mg/3 at 108 yr,
a time beyond which our calculation is no longer a fair repre-
sentation of the physical processes occurring as the outflow
bubble collapses.
Radial plots of SF properties (middle and right panels)
show that the remaining disc gas is located on the outskirts.
The central regions are still efficiently converted into stars.
The situation at 3 Myr is, of course, identical to the ‘Base’
run, and even at 10 Myr, there is very little difference be-
tween the two cases. Only at 30 Myr the difference becomes
significant, with both the inner and the outer edges of the
star-forming ring being much closer to the centre than in the
‘Base’ run. The corresponding stellar densities and fluxes are
also lower.
5.3 Lower star formation rate
Reducing the star formation rate by a factor of 10 (Fig-
ure 4) has the expected effect: the star formation rate and
the total luminosity of young stars drop by a similar factor.
The peak of luminosity occurs at the same time as in the
‘Base’ run. However, the decline after the peak is slower,
owing to the larger amount of gas remaining throughout the
disc. The sudden drop of both these quantities at 4× 108 yr
correspond to the point where the outflow velocity formally
reaches vw = 0.1c and becomes fixed at that value, leading
to a drop in pressure.
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Figure 2. Properties of the starburst induced by AGN activity in case 1, ‘Base’. The SMBH initially has a mass 3.68× 108 M⊙ = Mσ
and grows and radiates at the Eddington rate. The outflow propagates in a static background NFW potential, described in Section 2.
Left panel: Time evolution of star formation rate (green dashed line, scale on the left), total mass of gas converted into stars (black
solid line) and luminosity of the newly formed stellar population (red dot-dashed line; both scales on the right). The whole gas disc,
Mg = 3 × 1011 M⊙, is converted in 50 Myr. Middle panel: Radial plots at 3, 10 and 30 Myr (black, red and green lines, respectively)
of star formation rate density (solid, scale on the left), surface density of low-mass stars (dashed) and massive stars (dot-dashed; both
scales on the right). Right panel: radial plot of piR2F∗ of the low-mass (solid) and massive (dashed line) stars; colour coding identical to
the middle panel.
104 105 106 107 108 109
Time [yr]
10-1
100
101
102
103
104
105
SF
R 
[ M
Su
n 
yr
-
1 ]
109
1010
1011
1012
1013
1014
1015
M
as
s, 
lu
m
in
os
ity
 [M
Su
n,
 
L S
un
]
1 10
Distance [kpc]
0.1
1.0
10.0
100.0
1000.0
Σ S
FR
 
[M
Su
n 
kp
c-2
 
yr
-
1 ]
105
106
107
108
109
1010
1011
Σ *
 
[M
Su
n 
kp
c-2
]
1 10
Distance [kpc]
108
109
1010
1011
1012
1013
1014
pi
R
2 F
 [L
Su
n]
Figure 3. Case 2, ‘Low-tq’: Same as Figure 2, but the AGN switches off after tq = 5 Myr. Left panel: Time evolution of star formation
rate (green dashed line, scale on the left), total mass of gas converted into stars (black solid line) and luminosity of the newly formed
stellar population (red dot-dashed line; both scales on the right). Middle panel: Radial plots at 3, 10 and 30 Myr (black, red and green
lines, respectively) of star formation rate density (solid, scale on the left), surface density of low-mass stars (dashed) and massive stars
(dot-dashed; both scales on the right). Right panel: radial plot of piR2F∗ of the low-mass (solid) and massive (dashed line) stars; colour
coding identical to the middle panel.
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Figure 4. Case 3, ‘Low-SFR’: Same as Figure 2, but SFR is artificially reduced by a factor 10. Left panel: Time evolution of star
formation rate (green dashed line, scale on the left), total mass of gas converted into stars (black solid line) and luminosity of the newly
formed stellar population (red dot-dashed line; both scales on the right). Middle panel: Radial plots at 3, 10 and 30 Myr (black, red and
green lines, respectively) of star formation rate density (solid, scale on the left), surface density of low-mass stars (dashed) and massive
stars (dot-dashed; both scales on the right). Right panel: radial plot of piR2F∗ of the low-mass (solid) and massive (dashed line) stars;
colour coding identical to the middle panel.
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Figure 5. Case 4, ‘Low-M0’: Same as Figure 2, but MBH,0 = 0.1Mσ . Left panel: Time evolution of star formation rate (green dashed
line, scale on the left), total mass of gas converted into stars (black solid line) and luminosity of the newly formed stellar population
(red dot-dashed line; both scales on the right). Middle panel: Radial plots at 3, 10 and 30 Myr (black, red and green lines, respectively)
of star formation rate density (solid, scale on the left), surface density of low-mass stars (dashed) and massive stars (dot-dashed; both
scales on the right). Right panel: radial plot of piR2F∗ of the low-mass (solid) and massive (dashed line) stars; colour coding identical to
the middle panel.
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Figure 6. Case 5, ‘Channel’: Same as Figure 2, but outflow only affects the disc within R < 4 kpc. Left panel: Time evolution of star
formation rate (green dashed line, scale on the left), total mass of gas converted into stars (black solid line) and luminosity of the newly
formed stellar population (red dot-dashed line; both scales on the right). Middle panel: Radial plots at 3, 10 and 30 Myr (black, red and
green lines, respectively) of star formation rate density (solid, scale on the left), surface density of low-mass stars (dashed) and massive
stars (dot-dashed; both scales on the right). Right panel: radial plot of piR2F∗ of the low-mass (solid) and massive (dashed line) stars;
colour coding identical to the middle panel.
The total mass of gas converted into stars is ∼ 0.25
of the initial disc gas mass. Gas is consumed very slowly
throughout the disc; the middle panel shows that between
3 and 30 Myr, only a ring ∼ 50 pc wide is fully consumed.
Even at 108 yr after the start of AGN activity, gas is com-
pletely converted into stars only within r < 800 pc, with the
fractional conversion as low as ∼ 10% at r ≃ 10 kpc. The
stellar density and luminosity plots follow the same trend
and have significantly lower values than in the ‘Base’ run.
5.4 Low initial SMBH mass
When the black hole mass is 10 times lower than the Mσ
value, i.e. M0 = 3.7× 107 M⊙, the evolution of the star for-
mation rate is surprisingly similar to the ‘Base’ run (Figure
5). The star formation rate is approximately proportional to
the outflow pressure which is, in turn, approximately pro-
portional to v2out ∝ M2/3BH . Hence the star formation rate
and the associated luminosity of young stars are both ap-
proximately 5 times lower than in the ‘Base’ run. The radial
profile plots reveal that the star formation rate at a given
time is roughly the same in both cases, but the star-forming
ring is approximately twice closer to the SMBH than in the
‘Base’ run; this is again expected, as rout ∝ vout ∝ M2/3BH .
The width of each ring is almost identical in either case in
logarithmic space. The fraction of gas converted into stars
is almost 100%, however, because the starburst lasts longer.
5.5 Channelled outflow
Finally, we confine the effects of the AGN outflow to a region
r < 4 kpc of the disc. As might be expected, the evolution of
the starburst follows the ‘Base’ run precisely until ∼ 2 Myr,
when the outer shock of the outflow reaches the confinement
radius. Then the star formation rate declines very rapidly,
as gas in the central parts of the disc is consumed within
5 Myr. The stellar luminosity decrease is slightly slower,
but by 108 yr, all the massive stars have died out and only
the low-mass stars remain (see the red dot-dashed curve in
the left panel of Figure 6).
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5.6 Result summary
Our semi-analytical model shows that the induced star for-
mation in a galaxy disc can be surprisingly varied, depend-
ing on just a few initial parameters. Nevertheless, a common
trend emerges that the disc can be strongly affected and the
starburst can consume a large fraction of the gas. This im-
plies that even though such powerful galactic outflows are
rare in spiral galaxies, they can have a lasting impact on
the stellar population of the host galaxy. We discuss the
implications of these results in the next section.
6 DISCUSSION
The current paradigm of AGN connection to their host
galaxies is based on negative feedback, i.e. AGN activity
is considered as the agent quenching star formation in its
host, by expelling the gas on short timescales. Our results
indicate that this is not the full picture. While it is true
that an energy-driven (i.e. non-cooling) AGN outflow clears
diffuse gas out of the bulge and halo of its host galaxy, the
effect on the galaxy disc and any dense structures is oppo-
site. Soon after the AGN switches on and begins driving a
large-scale outflow, the pressure in the outflowing gas initi-
ates a starburst in the disc (see discussion in Section 6.1).
Therefore we expect that bright AGN in spiral galaxies, ca-
pable of driving energy-driven outflows out to large distances
in their hosts, are accompanied by starbursts in the galaxy
discs. We predict a sub-linear scaling between starburst and
AGN luminosities (Section 6.2.3) and a number of morpho-
logical properties of the starburst (Section 6.2.1) that are
consistent with current observations (Section 6.4). We re-
view these points in detail below.
In general, one may expect a correlation between AGN
and starbursts simply because both are fed by gas within the
galaxy and so more gas-rich galaxies are more likely to have
both starbursts and AGN. However, such a correlation can-
not be very tight, because AGNmust be fed by small angular
momentum gas (Hobbs et al. 2011), whereas star formation
can easily take place in gas with very large angular momen-
tum, e.g., in the galactic disc with length scale > 1 kpc.
More specifically, Nayakshin et al. (2012) argued that AGN
cannot be fed very efficiently via galaxy discs in which case
AGN accretion and star formation in the disc are completely
decoupled. They based their argument on the observations
of pseudo-bulge galaxies that show under-weight blackholes
(Hu 2008; Graham 2008) which poorly correlate with their
host’s properties (Kormendy et al. 2011). Nayakshin et al.
(2012) suggest that galaxy discs in the systems with under-
weight SMBH are turned into stars much more rapidly than
their SMBH could grow. This exemplifies how AGN activity
and star formation could be decoupled.
We comment on the importance of various starburst
properties and how they can help distinguish between ‘co-
incidental’ and triggered starbursts below.
6.1 Observational evidence of triggered star
formation
A major component of our model is the connection between
external pressure in an AGN outflow and enhanced star
formation in the galaxy disc. Observations of many star-
forming regions show that the fraction of gas converted
into stars per dynamical time is a few percent in ‘normal’
(i.e. average density) environments, but rises in regions of
galaxy discs where the gas surface density Σ >∼ 100 M⊙ pc−2
(Bigiel et al. 2008). There have been two conflicting inter-
pretations of this phenomenon. One argument is that at
this density, diffuse gas pressure upon molecular clouds
starts to dominate over the turbulent pressure of the clouds
themselves, leading to cloud confinement and enhanced star
formation (Krumholz et al. 2009). This model is based on
the fact that external pressure affects two of the three
main parameters governing the star formation rate: molec-
ular hydrogen fraction and free-fall timescale in the clouds
(Krumholz et al. 2009). Higher external pressure compresses
the gas to higher density, which enhances cooling and thus
formation of molecules, and shortens the gas free-fall time.
Other models claim that simple self-regulation of star for-
mation by the interplay of turbulence and self-gravity ex-
plains the increased SF efficiency without requiring external
pressure (Faucher-Giguere et al. 2013). Importantly, how-
ever, the latter model assumes that the diffuse ISM pres-
sure upon clouds is negligible. In our model, the external
pressure always dominates above the cloud turbulent pres-
sure (pturb ∼ 10−11 − 10−10 dyn cm−2), so the model of
Krumholz et al. (2009) may still be applicable.
On the other hand, extensive observations of star form-
ing clouds in M82 (Keto et al. 2005) revealed that star for-
mation happens only in clouds or even sections of clouds
that are compressed by the diffuse ISM, while uncompressed
clouds or sections of clouds do not show star formation. The
inward motions of compressed clouds are highly supersonic
and hence consistent with shock waves driven by external
pressure but inconsistent with pure gravitational contrac-
tion. This dichotomy between compressed star-forming and
uncompressed quiescent clouds is independent of cloud den-
sity either, further revealing that cloud self gravity is not
the dominant trigger of star formation.
Molecular clouds have been observed that are both af-
fected by radiation pressure and ionization (Sugitani et al.
1989, 1991; Sugitani & Ogura 1994) or shocks from nearby
supernova explosions (Preibisch & Zinnecker 1999) and have
higher star formation efficiency than their unaffected coun-
terparts. Stars formed due to such triggering also have
more uniform ages (Preibisch & Zinnecker 1999) than typi-
cal young star clusters.
Effects of nearby external sources, such as supernova
shocks and/or radiation from massive stars, on the star
formation process have been investigated in great detail
(Klein et al. 1980; Bertoldi 1989; Kessel-Deynet & Burkert
2003; Dale et al. 2007; Bisbas et al. 2011). It is now well
known that both blast waves from supernova explosions and
ionizing radiation from massive stars can compress gas in
molecular clouds, enhancing its density and making collapse
more likely. Although some details of this radiation-driven
implosion of molecular clouds are different from our model,
the central tenet that increased external pressure leads to
increased star formation rates is well supported by observa-
tions.
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6.2 Observational appearance of an
AGN-triggered starburst
6.2.1 Starburst morphology
The morphology of the outflow and the resulting starburst
depends on the distribution of cold gas in the galaxy itself.
In the simplest model of an axially symmetric spiral galaxy,
the outflow is also axially symmetric and propagates radially
outward from the galaxy’s centre. Assuming that all the cold
gas in the galaxy resides in a disc, young stars are born in a
disc as well, with a ring of ongoing star formation surround-
ing its outskirts. As the starburst proceeds, massive stars
in the central regions begin to die out and the luminosity
decreases there. Eventually, the luminosity of the disc edges
becomes higher than in the middle, although this effect is
weak and depends strongly on the underlying cold gas den-
sity, so would be difficult to detect (see the dot-dashed lines
in the middle panels of all result plots).
Real galaxies, however, are not completely axisymmet-
ric, and the finer detail of galactic disc structure may be
imprinted in the starburst shape. Molecular gas is concen-
trated in large cloud complexes in spiral arms (Reuter et al.
1996; Brouillet et al. 1998), so most of the star formation
happens in these clumps. Nevertheless, the AGN outflow
propagates through the halo rather than the disc, and so
the outflow properties are independent of disc morphology.
As a result, the outflow moves with approximate axial sym-
metry, so the starburst is still confined to clumps within a
circular region centred on the AGN.
Depending on relative densities and masses of the
molecular cloud regions, gas consumption (and, hence, star
formation) timescales may vary strongly between them, so
that the details of starburst morphology become irregular. In
this case, the regions of ongoing star formation and clusters
of young stars may be distributed asymmetrically through-
out the starburst region.
6.2.2 Star formation efficiency
In our models, the fraction of gas converted into stars is
typically very large, ∼ 1. In the ‘Base’ model, all of the gas
is converted in a few times 107 yr, less than a dynamical
time in the galaxy (td ∼ 108 yr). ‘Low-M0’ converts all the
gas in approximately one dynamical time. We see that AGN-
triggered star formation can be very efficient.
There are several possible complications to this sim-
ple picture. First of all, AGN activity episodes only last a
few to ∼ 100 Myr (Rawlings & Saunders 1991). We consider
the effect of a short activity episode in the ‘Low-tq’ model.
There, we find that ∼ 50% of the gas is converted into stars
after one dynamical time. Thus even a short burst of AGN
activity can significantly affect the disc of its host galaxy.
A further complication arises due to the small-scale ef-
fects, such as turbulence, magnetic fields, non-uniform feed-
back from massive stars and the multiphase nature of the
disc gas, affecting the star formation rate in any given re-
gion. We estimate their importance in the model ‘Low-SFR’,
where star formation rate is reduced by a factor 10. Even
there, ∼ 16% of the gas is converted into stars after one dy-
namical time, much more than the few per cent typical of
“standard” star formation regions.
While the uncertainties involved in the calculation of
the actual star formation efficiency prevent us from making
definitive quantitative statements regarding the star forma-
tion efficiency, we believe that a significant increase in SFE
above that of undisturbed star formation regions is a robust
conclusion.
6.2.3 Starburst luminosity
The ratio of starburst and AGN luminosities determines,
to a large extent, the appearance of the galaxy in differ-
ent wavebands. The analytically predicted ratio (eq. 24),
L∗ ∼ 4.5LAGN and the results of numerical calculations
(L∗ = 10
12 − 1014 L⊙, to be compared with the Edding-
ton luminosity LEdd ∼ 2 × 1013 L⊙ for an SMBH on the
M − σ relation) agree well with with the observed AGN
contribution to total ULIRG luminosity, which is ∼ 20%
(Genzel et al. 1998).
The sub-linear scaling of starburst luminosity with
AGN luminosity (L∗ ∝ L5/6AGN, see Section 3) can be un-
derstood in terms of AGN outflow propagation. Lower mass
(and lower luminosity) SMBHs take longer to develop host-
sweeping outflows since the outflow energy production rate
is proportional to L. However, outflows then linger in the
host for longer, since their velocity is proportional to L1/3.
Therefore small or low luminosity AGN remain relatively
more effective in triggering starbursts than could be naively
expected.
6.2.4 Stellar ages
An energy-driven AGN outflow moves with a velocity ve ∼
1000 km/s and passes through the galaxy disc in several tens
of Myr. Significant amounts of gas are consumed within the
affected parts of the disc on a similar timescale. Even if the
AGN switches off, the outflow persists for more than an or-
der of magnitude longer than the driving phase (King et al.
2011, see also Figure 3) and gas is consumed efficiently.
Therefore the ages of stars formed during the starburst dif-
fer by <∼ 100 Myr. Such a uniform-age stellar population
throughout the galaxy is a potentially strong indicator of
an AGN-induced starburst in the past. Recent observations
of the star cluster population in M82 (Lim et al. 2013) reveal
a large number of clusters with a mean age of 500 Myr found
everywhere in the galaxy disc. Our model predicts that these
cluster were created during and just after an AGN activity
episode ∼ 500 − 600 Myr ago. M82 is known to have in-
teracted tidally with a companion galaxy M81 ∼ 600 Myr
ago (de Grijs et al. 2001); this interaction may have caused
a rapid gas inflow into the central regions of M82, triggering
an AGN episode.
This simple picture can be complicated by several ef-
fects. First of all, AGN activity episodes may recur every
∼ 100 Myr and produce a new starburst. These starbursts
should be weaker, however, since the gas density in the
spheroidal components of the galaxy decreases significantly
after the first outflow clears it, therefore subsequent outflows
have lower pressure. Nevertheless, the star formation history
of a galaxy would show several peaks with spreads that may
be comparable to the duration between them, blurring the
stellar age profiles. In addition to this, subsequent activity
episodes may be triggered by the same gas that was once
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removed from the galaxy cooling and recollapsing; in that
case, the outflow has a similar gas density to the previous
one, further obscuring the bursty star formation history of
the galaxy.
6.3 Comparison with merger-triggered starbursts
It is well-known that galaxy mergers can also fuel star-
bursts by mixing gas, creating turbulence and shocks and
altering the gravitational potential of the merging system.
These processes create a complex and irregular morphology
of the galaxy and the starburst, without any easily identi-
fied structure. Careful analysis of morphological differences
should help distinguish between merger-induced and AGN-
triggered starbursts (see Section 6.2.1).
First of all, the morphology of the whole galaxy may in-
dicate the origin of the starburst. In our model, the starburst
happens in a galaxy disc or dense structures engulfed by the
outflow. Major galaxy mergers usually leave elliptical rem-
nants. However, Springel & Hernquist (2005) showed that
mergers of extremely gas-rich spirals preserve galactic discs.
Therefore a galaxy with a disc undergoing a starburst was
not necessarily induced by an AGN. Minor mergers do not
destroy galaxy discs either, but cause compact starbursts
and/or fuel the AGN. These starbursts, however, are likely
to be asymmetric due to the asymmetric interaction between
the galaxy and its satellite, and therefore they should be dis-
tinguishable for AGN-triggered starbursts.
If the minor merger triggers AGN activity, the resulting
outflow passes through disturbed material and the AGN-
triggered starburst can be as irregular in the central parts
of the galaxy as the one triggered directly by the merger.
The tell-tale sign of AGN-induced star formation activ-
ity in this case may be outward velocities of young stars
in regions directly exposed to AGN feedback, as shown in
Nayakshin & Zubovas (2012) and Zubovas et al. (2013). In
those papers, we studied the impact of the AGN outflow
ram pressure on the outflowing gas, finding that the outer
outflowing shell itself can fragment and produce stars. In
an irregularly shaped galaxy, the outflowing gas encoun-
ters many dense clumps, which can be accelerated and even
ejected from the galaxy. In principle, isotropic ejection of
stars, as opposed to tidal tails from merging galaxies, could
be used to distinguish between the two starburst causes, but
in practice this would require very detailed observations and
identification of stellar orbits, which is not currently feasible.
Finally, in the cases where a galaxy merger triggers both
a starburst and an AGN, the latter usually follows the for-
mer with a delay of ∼ 108 yr (Schawinski et al. 2007). In
our model, the opposite is true - the starburst begins a few
Myr after the AGN turns on. While it is difficult to measure
the ages of AGN, in principle this difference could be used
to distinguish between the two regimes. A recent discovery
of a high-redshift QSO with a nearby cluster of young stars
(Rauch et al. 2013) shows that AGN triggering of star for-
mation may be detected.
6.4 Observational evidence for AGN-triggered
star formation
Direct observational evidence of starbursts triggered by
AGN activity is difficult to find due to briefness of AGN
phases, uncertainty of the age of any given AGN and the
confusion between AGN and starburst contributions to to-
tal galaxy luminosity.
Many Ultra-luminous IR galaxies (ULIRGs) and
Narrow-line Seyferts (NLSs) show both starburst and
AGN activity (Genzel et al. 1998; Farrah et al. 2003;
Sani et al. 2010) and starbursts typically have ages be-
tween 107 and 108 yr in the nuclear regions (Genzel et al.
1998), which is consistent with typical AGN activity du-
rations (Rawlings & Saunders 1991; Martini & Weinberg
2001; Hopkins et al. 2005). However, this only shows that
AGN and starbursts are coincident, but does not reveal
which one causes, or even precedes, the other (Lutz et al.
1998).
Some galaxies hosting both starbursts and AGN are
at least consistent with our model. For example, the star-
burst luminosity in Seyfert galaxies increases with SMBH
mass and luminosity (Sani et al. 2010); we predict the same
(see Section 6.2.3). In fact, our predicted relation L∗ ∝
L
5/6
AGN is very similar to observed correlations: L∗ ∝ L0.7AGN
(Sani et al. 2010) and L∗ ∝ L0.8AGN (Netzer 2009). The same
observations also show starburst luminosity increasing with
increasing Eddington ratio of the AGN: L∗/LAGN ∝ l. Al-
though our model (eq. 23) predicts the opposite (if weak)
trend, this happens because LAGN, l and the black hole mass
M are not independent variables. When the relation is re-
cast in terms of M and l (as was done by Sani et al. 2010),
we find L∗ ∝ l2/3.
Recently, LaMassa et al. (2013) investigated a large
sample of active galaxies at various redshifts and found that
star formation in the central few kpc is positively, but sub-
linearly, correlated with AGN luminosity. This is consistent
with our picture of a strong starburst due to high outflow
pressure close to the SMBH, decreasing in strength as the
outflow moves further out. On the other hand, central star-
bursts can easily be interpreted as fuelling the AGN rather
than being triggered by the central source (Thompson et al.
2005).
Another piece of evidence comes from observations
of radio-selected AGN that also have starburst activity.
Karouzos et al. (2013) show that in a sample of more than a
hundred radio AGN, the more luminous ones show more star
formation than would be expected from standard models
based on galaxy properties (Elbaz et al. 2011). Also, galax-
ies with lower radio loudness (i.e. more likely to be accreting
in the ‘quasar-mode’) also show higher star formation rates
than would be expected from empirical models of galaxy
evolution. Finally, in the same sample, AGN contribution
to the total bolometric luminosity of the sources is typically
40−60%, with a slight increase toward brighter AGN. All to-
gether, these properties are consistent with our predictions
in much the same way as observations of Seyfert galaxies
are.
Finally, there is some evidence that ULIRGs have more
compact H II regions than other types of star-forming galax-
ies (Lutz et al. 1998); this could happen if gas in these galax-
ies is strongly compressed.
We conclude from this section that observational evi-
dence of AGN triggering star formation in spiral galaxies is
inconclusive, but generally consistent with the predictions
of our model.
c© 0000 RAS, MNRAS 000, 000–000
12 Kastytis Zubovas, Sergei Nayakshin, Andrew King, Mark Wilkinson
6.5 Fermi Bubbles – an outflow in a gas-poor
galaxy
The model described in this paper is mainly applicable to
outflows in gas-rich spiral galaxies. Once such an outflow
passes, however, the galaxy is left gas-poor: bulge and halo
gas has been expelled, while disc gas has been turned into
stars (see Section 6.2.2, above). Our Milky Way is an ex-
ample of such a gas-poor spiral galaxy. An energy-driven
AGN outflowmay still occur in these galaxies; it moves much
faster, and in the Milky Way may have been the cause of the
Fermi bubbles (Zubovas et al. 2011; Zubovas & Nayakshin
2012). This outflow did not cause a large-scale starburst in
the galaxy disc, because both the density in the outflowing
material was much lower than envisioned here, and the AGN
luminosity powering it was low enough (due to the low mass
of Sgr A∗) to make the pressure too low to cause a noticeable
effect. The gas fraction was fg ∼ 10−3 and the velocity was
v ∼ 1000 km/s, creating a pressure 2 orders of magnitude
lower than in the disc of a typical gas-rich galaxy that we
considered in this paper. This pressure becomes comparable
to the typical ISM pressure once the outflow gets out to a
few kpc, so any effect it may have is confined to the central
regions of the galaxy. Indeed, in our simulations of the Fermi
bubbles (Zubovas & Nayakshin 2012), we find that the 200-
pc-wide Central Molecular Zone of the Galaxy is perturbed,
leading to gravitational fragmentation and possible star for-
mation. Other gas-poor galaxies would show similar effects
after AGN outflows; their presence may be used to infer past
AGN activity even when the more direct evidence is gone.
6.6 Comparison to other work
Positive effects of AGN feedback on the host galaxy’s stel-
lar content have been investigated several times in the past
few years. Silk (2005), Silk & Norman (2009, both analyti-
cal investigations) and Gaibler et al. (2012, numerical simu-
lations) consider a jet-driven outflow from an active SMBH,
which pressurises the ISM and increases its turbulence, lead-
ing to a burst of star formation. Depending on the parame-
ters of the ISM, the jet can either produce a starburst along
a narrow beam or a more wide-spread one, encompassing
most of the galaxy. Numerical simulations give jet-induced
star formation rates of a few hundred M⊙ yr
−1 distributed
in an expanding ring and limited by diffuse gas removal from
the galaxy by the jet. Silk (2005) does not provide estimates
for star formation rate, but considers a spherical geome-
try, so that model is appropriate for starbursts in elliptical
galaxies.
Ciotti & Ostriker (2007) use high-resolution numerical
simulations to investigate AGN feedback effect on ISM ther-
modynamics, with effects on star formation being a sec-
ondary result. They find that radiative AGN feedback can
trigger repeated nuclear starbursts, again with star forma-
tion rates of several hundred M⊙ yr
−1, but not necessarily
related to large-scale outflows. The starbursts in our model
are larger in both physical extent and SFR, so a direct com-
parison is not warranted.
Ishibashi et al. (2013) consider a model where a
momentum-driven AGN outflow shell expands and simul-
taneously forms stars at some efficiency. They use this pre-
scription to explain the inside-out growth of galaxies since
z ∼ 2, as these shells deposit stars preferentially at large
radii. However, since the model is very simplistic and does
not deal with dense structures compressed by the outflow,
we do not compare our results to theirs directly.
7 SUMMARY AND CONCLUSION
We have shown, using analytical arguments and a semi-
analytical model, that powerful AGN outflows in spiral
galaxies may have a strong positive effect on the galaxy
disc. The disc gas is compressed by the outflow as the latter
passes on either side of the disc. This leads to an enhance-
ment in star formation rates and causes most of the gas in
the disc to be turned into stars. The starburst continues for
several to several tens of Myr even after the AGN switches
off, provided there is enough gas left in the disc.
Observationally, such a galaxy would appear as a
ULIRG with an almost flat central young star luminosity
density, with this disc surrounded by a ring of ongoing star
formation. The AGN component might exist, but would be
subdominant to the total luminosity of the starburst. These
properties are consistent with some observations of ULIRGs,
however it is very difficult to disentangle the causal connec-
tion between a starburst and an AGN and as such, it may be
some time before strong evidence in support of this model
is found.
It is interesting to consider our results in the broader
context of the effect of AGN activity on star formation in
the host galaxy. The difference between positive and neg-
ative feedback is rather clear in the spheroids of quies-
cent galaxies: gas-rich outflows cool and fragment, form-
ing stars (Nayakshin & Zubovas 2012), while gas-poor out-
flows simply clear the remaining gas from the galaxy
(Zubovas & King 2012a). This picture gets somewhat more
complicated in mergers, where the outflow would propa-
gate in a disturbed medium, compressing gas and triger-
ring fragmentation in some directions while blowing gas
away in others. The current results show that whichever
way feedback affects gas in the galaxy bulge and halo, the
disc gets compressed and undergoes a starburst. The star
formation rate, M˙∗ . 5 × 103 M⊙ yr−1, is comparable to
the mass outflow rate in the spherical energy-driven outflow,
M˙out ≃ 2 × 103 M⊙ yr−1 (Zubovas & King 2012a). There-
fore it appears that the net effect of an energy-driven AGN
outflow is a quickening of galaxy evolution, rather than a
strictly negative or strictly positive feedback.
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